The clinical course of chronic pancreatitis (CP) worsens with drinking, and pancreatic stellate cells (PSCs) have an important role in the pathogenesis of alcoholic CP. Chemokines recruit inflammatory cells, resulting in chronic pancreatic inflammation. Although serum levels of fractalkine (CX3CL1) are significantly elevated in patients with alcoholic CP, the mechanism of this elevation remains unclear. This study aims to determine the effects of cytokines, pathogen-associated molecular patterns (PAMPs), and ethanol and its metabolites on CX3CL1 secretion by PSCs. Male Wistar/Bonn Kobori (WBN/Kob) rats aged 15 to 20 weeks were used as rodent models of CP in vivo. PSCs were isolated from 6-week-old male Wistar rats. The effects of cytokines, PAMPs, and ethanol and its metabolites on chemokine production and activation of signaling pathways in PSCs in vitro were examined by real-time reverse transcription-polymerase chain reaction (RT-PCR), western blotting, and enzyme-linked immunosorbent assay. Expression of CX3CL1 and matrix metalloprotease (MMP)-2 was increased in the pancreas of WBN/Kob rats. The rat PSCs expressed CX3CL1, MMP-2, and a disintegrin and metalloprotease domain (ADAM) 17. Cytokines and PAMPs induced CX3CL1 release and activated extracellular signal-regulated kinase (ERK), MMP-9, and ADAM17. CX3CL1 release was suppressed by specific inhibitors of ERK, MMP, and ADAM, and ERK was associated with CX3CL1 transcription. Ethanol and phorbol myristate acetate synergistically increased CX3CL1 release. Real-time PCR and western blotting confirmed the synergistic activation of ERK and ADAM17. Ethanol synergistically increased CX3CL1 release via ERK and ADAM17 activation in PSCs. In conclusion, we demonstrated for the first time that ethanol synergistically increased CX3CL1 release from PSCs at least in part through activation of ERK mitogen-activated protein kinase and ADAM17. This might be one of the mechanisms of serum CX3CL1 elevation and disease progression in patients with alcoholic CP.
chemokine MCP-1 has an important role in disease progression. 13 Recent studies have also reported that chemokines other than MCP-1 induce inflammation and fibrosis in other organs, and that multiple chemokines are involved in chronic inflammation.
We have focused on the chemokine fractalkine (CX3CL1), which is an adhesion molecule as well as a migration factor and a factor in neuropathic pain. CX3CL1 was discovered in late 1990s. It was identified as a different subclass of the known CX3C chemokines, and so designated as CX3CL1. [14] [15] [16] There are two types of CX3CL1, membrane bound and secretion associated. The extracellular domain is cleaved by a metalloprotease sheddase and secreted in the blood. We have already reported that the serum concentration of CX3CL1 in patients with CP correlates with clinical CP scores and that CX3CL1 is a useful biological marker for early detection of CP because it is secreted in the early stage of the disease. 17 The concentration of CX3CL1 is increased in chronic drinkers with CP at any stage of the disease, which suggests that the increase is also associated with alcohol consumption. 17 Increased expression of CX3CL1 in pancreatic tissue in human CP has also been correlated with pain scores. 18 As excessive expression and secretion of CX3CL1 has also been observed in patients with rheumatoid arthritis, arteriosclerosis, cardiovascular diseases, HIV infection, nephritis, and neuropathic pain, [19] [20] [21] [22] [23] [24] [25] [26] [27] it has naturally attracted attention as a potential target of treatment for inflammatory diseases. 28, 29 Here, we report new results concerning possible mechanisms of the increase in serum concentrations of CX3CL1, which is associated with fibrosis and pain in patients with alcoholic CP, using culture-activated PSCs.
MATERIALS AND METHODS Animals
Male Wistar/Bonn Kobori (WBN/Kob) rats commonly develop CP by the age of 3 months and diabetes mellitus by 9 months. 30 KOB rats have been widely accepted as a rodent model of CP. In this study, tissues collected from WBN/Kob rats aged 15 to 20 weeks and weighing 180-200 g (KBT Oriental, Saga, Japan) were used. All animal procedures were performed in accordance with the guidelines of the Committee on Animal Care of Kyushu University.
Isolation of PSCs and Cell Culture
PSCs were isolated from the pancreas of the male Wistar rats by density-gradient centrifugation method as previously described. 9 Purity of PSCs of 490% was confirmed by the typical star-like configuration of the cells and by presence of vitamin A autofluorescence. The cells were maintained in complete Dulbecco's modified Eagle medium (DMEM)/F-12, which is a mixture of DMEM and Ham's F-12 nutrient mixture (Wako Pure Chemicals, Osaka, Japan) supplemented with 10% fetal bovine serum, 50 units/ml of penicillin, and 50 mg/ml of streptomycin (Invitrogen, Carlsbad, CA, USA).
All experiments using PSCs were performed with cells between passages 1 and 4. Pancreatic acinar cells were isolated from digested pancreas tissue that was pipetted and filtered through a 150-mm nylon mesh. Unless otherwise specified, the PSCs were incubated in serum-free medium for 24 h before experimental reagents were added. In some experiments, specific inhibitors (U0126, batimastat, or TAPI-0) were added 30 min before the addition of ligands including tumor necrosis factor-alpha (TNF-a) or polyinosinic-polycytidylic acid with Lipofectamine 2000.
Materials
Recombinant rat TNF-a and recombinant rat IL-1b were purchased from R&D systems (Minneapolis, MN, USA). LPS, polyinosinic-polycytidylic acid potassium salt (poly (I:C)), U0126, batimastat, and phorbol myristate acetate (PMA) were obtained from Sigma-Aldrich (St Louis, MO, USA). TAPI-0 was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit anti-rat phosphorylated extracellular signal-regulated kinase (ERK) antibody, rabbit anti-rat phosphorylated p38 antibody, and horseradish peroxidase (HRP)-conjugated rabbit anti-rat b-tubulin antibody were purchased from Cell Signaling Technology (Beverly, MA, USA). Rabbit anti-rat CX3CL1 antibody, rabbit anti-rat matrix metalloprotease (MMP)-2 antibody, rabbit anti-rat disintegrin and metalloprotease domain (ADAM) 17 antibody, rabbit anti-rat MMP-9 antibody, and mouse anti-alpha smooth muscle actin (a-SMA) were purchased from Abcam PLC (Cambridge, UK). Anti-rabbit IgG Alexa 488-conjugated antibody, anti-mouse IgG Alexa 555-conjugated antibody, Hoechst 33342, and Lipofectamine2000 were obtained from Invitrogen.
Immunohistochemical Analysis
Specimens from the body of each pancreas underwent histopathological analysis including hematoxylin-eosin staining, Masson-trichrome staining, and immunostaining for CX3CL1, CX3CR1, and a-SMA. Primary antibodies were diluted in phosphate-buffered saline with 2% bovine serum albumin at 1:100 for CX3CL1 and CX3CR1, and at 1:400 for a-SMA.
Expression of Pancreatitis-Related Genes in CP Rats: Real-Time Reverse Transcription-Polymerase Chain Reaction Total RNA was extracted from the tail of each pancreas and from the PSCs with an RNeasy mini kit (Qiagen, Valencia, CA, USA) as previously described. 31 For real-time reverse transcription-polymerase chain reaction (RT-PCR), 100 ng of total RNA was reverse transcribed into first-strand complementary DNA (cDNA) using a PrimeScript RT reagent kit (Takara Bio, Otsu, Shiga, Japan) according to the manufacturer's instructions and RT-PCR was performed using a LightCycler Real-Time PCR system (Roche, Switzerland) according to the manufacturer's instructions.
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The reaction mixture (20 ml) contained SYBR Premix Ex Taq II (TLi RNAseH Plus; Takara Bio), 4 mM MgCl 2 , 0.5 mM upstream and downstream PCR primers (Table 1) , and 2 ml of first-strand cDNA template. To control for variations in the reactions, all PCR data were normalized against GAPDH expression.
Immunofluorescence Staining
Immunofluorescence staining was performed as previously described. 9 PSCs were serum starved and incubated for 24 h at 37 1C and fixed in 4% paraformaldehyde. After blocking with 2% normal bovine serum albumin, cells were incubated with rabbit anti-rat CX3CL1, MMP-2, and ADAM17 antibody at 1:100 dilution and with mouse anti-rat a-SMA antibody at 1:400 dilution overnight at 4 1C. After washes, cells were incubated with anti-rabbit Alexa 488-conjugated IgG antibody and anti-mouse Alexa 555-conjugated IgG antibody for 1 h. After washes with phosphate-buffered saline, samples were analyzed for fluorescence under a confocal laser scanning microscope (Nikon A1/C1, Tokyo, Japan). Nuclear counterstaining was performed using Hoechst 33342. For a negative control, the primary antibody was replaced with 2% BSA or polyclonal rabbit IgG (Abcam).
Transfection
Lipofectamine transfection of nucleic acids was performed as previously described. 31 Briefly, unless otherwise noted, 10 mg of poly (I:C) was mixed with 5 ml of Lipofectamine 2000 and 985 ml of serum-free medium and incubated for 15 min at room temperature. A duplicate mixture without poly (I:C) and/or Lipofectamine 2000 was also incubated for 15 min at room temperature. Combined mixtures, IC þ Tfx, were added for RNA transfection.
Quantification of Soluble CX3CL1 by Enzyme-Linked Immunosorbent Assay
After 24 h of incubation, the levels of CX3CL1 in the culture supernatants were measured by enzyme-linked immunosorbent assay (ELISA; Rat CX3CL1 ELISA, RayBiotech, Norcross, GA, USA) according to the manufacturer's instructions. Briefly, 100 ml standard or sample was added to each well and then incubated for 2.5 h at room temperature. After incubation, 100 ml prepared biotin antibody was added to each well and incubated for 1 h at room temperature. After washes, 100 ml prepared Streptavidin solution was added to each well and incubated for 45 min at room temperature. Finally, 100 ml TMB One-Step Substrate Reagent was added to each well for 30 min at room temperature, and then 100 ml stop reagent was added. Soluble CX3CL1 was quantified by the differences in absorbance at 450 and 520 nm. Calculation of the mean absorbance for each set of duplicate standards, controls, and samples, were performed, and we subtracted the average zero standard optical density.
Quantification of Soluble MCP-1: MCP-1 ELISA MCP-1 in culture supernatants after incubation with ligands was also measured by ELISA (Rat MCP-1 ELISA, Thermo Scientific, Rockford, IL, USA) according to the manufacturer's instructions. Briefly, 50 ml standard or sample was added to each well and incubated for 1 h at room temperature. After incubation, 50 ml prepared biotin antibody was added to each well and incubated for 1 h at room temperature. After washes, 100 ml prepared Streptavidin solution was added to each well and incubated for 30 min at room temperature. Finally, 100 ml TMB One-Step Substrate Reagent was added to each well for 30 min at room temperature, and then 100 ml stop reagent was added. Soluble MCP-1 was quantified by absorbance at 450 and 520 nm. Calculation of the mean absorbance for each set of duplicate standards, controls, and samples, were performed, and we subtracted the average zero standard optical density.
Western Blotting
Western blotting was performed as previously described. 9 Cells were lysed in RIPA buffer (Nacalai Tesque, Kyoto, Japan) and cellular proteins (approximately 50 mg) were fractionated by electrophoresis on a 10% sodium dodecyl sulfate polyacrylamide gel (Bio-Rad, Hercules, CA, USA). The proteins were transferred to a nitrocellulose membrane (Bio-Rad), and the membrane was incubated for 2 to 6 h with primary antibodies at 1:1000 dilutions. After incubating with HRP-conjugated anti-rabbit or anti-mouse IgG antibody at 1:10000 dilution, the proteins were visualized with an ECL kit from PerkinElmer (Waltham, MA, USA) and ImageQuant LAS 4000 mini (GE Healthcare Japan Corporation, Tokyo, Japan). Levels of phosphorylated ERK, MMP-2, ADAM17, MMP-9, and b-tubulin were determined by General-Purpose Analysis Software Multi Gauge (Fujifilm, Tokyo, Japan).
Table 1 Sequences of primers used in this study
Gene Sequence
Statistical Analysis
Results are expressed as the means (s.e.m.) of 3-4 separate cell preparations per experimental protocol. Two-tailed unpaired Student's t-test was used for statistical analyses. P-values of o0.05 were considered statistically significant.
RESULTS

PSCs Expressed Sheddases of CX3CL1
Pancreas from WBN/Kob rats was isolated and examined by immunofluorescence confocal microscopy to evaluate the expression and distribution of CX3CL1 and CX3CR1 in pancreatic tissue. In tissue from CP rats, CX3CL1 expression was observed in acinar cells and in activated a-SMA-positive PSCs (arrowhead) in fibrotic tissue (Figure 1a ). CX3CR1-positive inflammatory cells were also seen in fibrotic stroma (arrow). Next, the expression of sheddases (MMP-2, ADAM17), which is essential to CX3CL1 secretion in the tissues, was quantified by real-time PCR. We found that the in vivo expression of CX3CL1 and sheddases was increased in the rat CP tissues (Figure 1b) . In order to evaluate the possible relationship of these findings with the pathogenesis of CP, we subjected the rat PSCs to immunofluorescence staining and MMP-2 and ADAM17 expression were confirmed in freshly isolated (first) and culture-activated PSCs (third), which suggested the possibility of CX3CL1 secretion (Figure 1c ). When the expression of sheddases was compared between acinar cells and PSCs and quantified by real-time PCR, we found that the expression of sheddases was greater in the freshly isolated (first) and culture-activated PSCs (fourth) than in the acinar cells, which suggested that PSCs might be a main source of sheddases in the CP model ( Figure 1d ). In our experiments, activated PSCs in vitro showed strong expression of sheddases that might induce secretion of CX3CL1 by PSCs and other cells.
Inflammatory Cytokines and PAMPs Induced CX3CL1 Transcription and Secretion in PSCs
We used real-time PCR and ELISA to determine the effects of cytokines (TNF-a, 1-100 ng/ml; IL-1b, 1-100 ng/ml) and infectious stimulation (IC þ Tfx, 0.1-10 mg/ml; LPS, 0.1-10 mg/ml) on transcription and secretion of CX3CL1 by the rat PSCs. All of these ligands except IC þ Tfx had previously been reported to induce CX3CL1 secretion by hepatic stellate cells. We used the IC þ Tfx to imitate viral infection because viral infection has also been reported to be a cause of pancreatitis. 32 Each of the ligands tested induced transcription of CX3CL1 at 6 h ( Figure 2a ) and secretion of soluble CX3CL1 at 24 h (Figure 2b ), which demonstrated that, as with MCP-1, there are numerous potential triggers for transcription and secretion of CX3CL1.
Inflammatory Cytokines and PAMPs Activated ERK Mitogen-Activated Protein Kinase and Sheddases Downstream signaling activation caused by inflammatory cytokines and PAMPs was also examined by western blotting and real-time PCR, which were used to detect phosphorylated ERK mitogen-activated protein kinase (MAPK), p38 MAPK, and sheddases. ERK and p38 phosphorylation were induced by TNF-a and IC þ Tfx, and the activity peaked between 5 and 15 min (Figure 3a) . No increase in MMP-2 was noted after 6 h. Expression of ADAM17 and MMP-9 were increased at the transcriptional level ( Figure 3b ).
ERK MAPK and Sheddases had an Essential Role in CX3CL1 Secretion
We next examined the relationship between activated ERK MAPK, p38 MAPK, sheddases, and CX3CL1 secretion using U0126, an inhibitor of the ERK pathway at 1-10 mM, and SB203580, an inhibitor of p38 MAPK at 25-100 mg/ml. Both of these inhibitors were previously shown to effectively inhibit target pathways in PSCs at the concentrations tested in this study. 33 We also used batimastat, which is an inhibitor of MMP-2 and MMP-9 at 5-50 mM, along with TAPI-0, which inhibits ADAM17 at 0.5-5 mg/ml. These agents were also known to inhibit the respective target pathways in hepatic stellate cells at the concentrations used in this study. 34 In these experiments, for the first time, we obtained a result suggesting that there is a concentration-dependent inhibition of CX3CL1 secretion. This has not been observed with MCP-1. We also found that both sheddases and ERK MAPK were associated with CX3CL1 secretion (Figures 4a-c ; Supplementary Figures S1a-c) . There was a slight indication that p38 MAPK was also involved in CX3CL1 secretion in vitro in the rat models tested (data not shown). We identified an important transcriptional pathway by real-time PCR using the same specific inhibitors, determining that batimastat and TAPI-0 did not inhibit transcription, whereas U0126 was strongly inhibitory. Accordingly, we determined that ERK MAPK mainly inhibits transcription of CX3CL1, with the subsequent finding of decreased CX3CL1 secretion Novel mechanism of alcohol-induced chronic pancreatitis M Uchida et al Figure S1d) .
Ethanol Synergistically Induced CX3CL1 Release with ERK MAPK and ADAM17 Activation
We have previously reported that serum levels of CX3CL1 are increased in drinkers with CP, thus, we hypothesized that ethanol and its metabolites promote synergistic acceleration of CX3CL1 release. Ethanol is a substrate of protein kinase C epsilon (PKCe), 35 and we used PMA as a pan-PKC substrate.
The synergistic modulatory action of PMA and ethanol and its metabolites on CX3CL1 secretion was evaluated to test our hypothesis. PMA and ethanol showed a modulatory effect on TNF-a mediated CX3CL1 secretion that was not observed with acetaldehyde or palmitic acid ethyl ester (Figures 5a and b, Supplementary Figures S2a and b) . Low concentrations of TNF-a (1 or 10 ng/ml) and low concentrations of ethanol (10 or 25 mM) also showed synergistic modulatory effects of CX3CL1 secretion (Supplementary Figure S2c) . The modulatory action by PMA was also seen in MCP-1, but the action by ethanol was specific to CX3CL1, which suggested that CX3CL1 chemokine action may be induced specifically by ethanol. Real-time PCR was used to determine whether the modulatory action was related to promotion of CX3CL1 gene transcription by ERK activation or transcription by sheddases. Ethanol synergistically promoted transcription of CX3CL1 and ADAM17 in a concentration-dependent manner, and these transcription levels were presumably related to subsequent secretion of the products of the CX3CL1 transcripts (Figures 6a and d , Supplementary Figures S3a and d) . As noted, even the low concentration (10 mM) of ethanol was able to synergistically increase CX3CL1 transcription, but there was no modulatory activation of ethanol observed with MMP-2 or MMP-9 ( Figures 6b and c, Supplementary Figures S3b and c) . On the other hand, PMA synergistically promoted transcription of CX3CL1, ADAM17, and MMP-9 by TNF-a stimulation, which might represent a different mechanism from that of the modulatory action of ethanol and is probably due to involvement of other PKC isozymes (Figures 6a and d) . A pro-MMP-9 protein was also detected after 24 h stimulation of TNF-a and PMA, which seemed to suggest that MMP-9 is also involved in the modulatory actions on CX3CL1 secretion by TNF-a with PMA (Figure 6e ), and we had the same result with poly (I:C) þ Tfx (Supplementary Figures S3a-d ), so that we were able to conclude that ethanol synergistically Novel mechanism of alcohol-induced chronic pancreatitis M Uchida et al promoted secretion of CX3CL1 via ERK and ADAM17, and that PMA promoted the activation of ERK, ADAM17, and MMP-9 by TNF-a stimulation ( Figure 7 ).
DISCUSSION
It is well known that the pathogenesis of CP is strongly related to alcohol consumption, but the mechanism of the persistent inflammation has yet to be fully elucidated. This study using a rat CP model demonstrated that the expression of CX3CL1 and sheddases was increased and that the main source of the sheddase was PSCs. Furthermore, the study also revealed for the first time that while CX3CL1 secretion, like that of other chemokines, is induced by various inflammatory and infectious stimulants, only the CX3CL1 secretion was synergistically promoted by ethanol. It was postulated that this might be due to activation of ERK MAPK and ADAM17, which are important factors in the progression of alcoholic CP. Increased CX3CL1 expression in CP tissue was not cell specific. It was observed in acinar cells, the islets of Langerhans, and PSCs, which might contribute to the increase of CX3CL1 expression in the whole CP tissue. This result supported previous study results and indicated that pancreatic tissue injury and various environmental factors promote CX3CL1 expression in the whole pancreas, so that connection of membrane-bound CX3CL1 and CX3CL1 receptors of inflammatory cells in the pancreatic tissue serves as the basis of the inflammation in CP as it does in chronic hepatitis. 11, 17, 18, 36, 37 Furthermore, sheddase is essential for CX3CL1 secretion into the blood. The abundant expression of sheddase in PSCs, as in hepatic stellate cells, 34 indicates that MMP not only enhances extracellular matrix degradation but also induces inflammation by CX3CL1 secretion. This finding also supports previous study results indicating that not only do PSCs have an important role in extracellular matrix homeostasis, they can also act to trigger inflammation. 38, 39 The finding that CX3CL1 was secreted from PSCs in response to various stimuli suggests that inflammation and infection might promote the progression of CP by chemokine secretion. CX3CL1 provokes the progression of CP by stimulating migration of inflammatory cells such as monocytes and lymphocytes, and it also induces cell proliferation by directly affecting vascular smooth muscle cells and vascular endothelial cells, [40] [41] [42] which suggest that proliferation of PSCs influenced by CX3CL1 may be involved in the pathogenesis of CP. Cytokines including TNF-a and IL-1b and infectious agents such as LPS induce CX3CL1 secretion, and have shown similar effects in vascular smooth muscle cells and hepatic stellate cells. 34, 43 This study has also verified that CX3CL1 secretion was induced by stimulation of cytosolic double-stranded RNA, which suggests that PSCs might have the same mechanism of response to viral infection as b cells. 44 This study has demonstrated for the first time that ERK MAPK is involved in the mechanism of CX3CL1 gene transcription and subsequently, secretion of the gene product. There was a previous report that TNF-a, IL-1b, LPS, and ethanol-activated ERK in PSCs, 33 but this study has revealed for the first time that poly (I:C) þ Tfx stimulation also induces phosphorylation. The previously known induction mechanisms of ERK were cell proliferation and secretion of cytokines and chemokines. According to the results of this study, ERK also induces chemokine activity of CX3CL1. A previous study has suggested that Stat-1 might be partially involved in the CX3CL1 gene transcription pathway, 45 but only a few detailed studies have been conducted to date. This study has demonstrated for the first time that ERK MAPK has a central role in CX3CL1 gene transcription and that the ERK MAPK pathway has pathological significance in CX3CL1 expression in CP. Previous studies have reported Novel mechanism of alcohol-induced chronic pancreatitis M Uchida et al that ethanol and acetaldehyde also activate ERK and have confirmed that PMA induces ERK activation (data not shown), but the results of this study indicate that CX3CL1 gene expression is not induced solely by the abovementioned stimuli, because transcription factors other than ERK might be involved in the CX3CL1 transcription complex. CX3CL1 transcription was observed only when ethanol and PMA were administered during TNF-a and poly (I:C) Tfx stimulation, which suggests that other transcriptional factors, such as nuclear factor-kB and interferon regulatory factor, might be involved. This suggests that alcohol consumption and environmental factors that activate PKC do not induce inflammation by themselves, but act as precipitating factors in the presence of other inflammation or infection. This finding is supported by the fact that excessive alcohol consumption is not the only Figure 4 Signaling pathways required for CX3CL1 transcription and release. Pancreatic stellate cells (PSCs) were left untreated, or treated with tumor necrosis factor-alpha (TNF-a, 100 ng/ml) (a-c), (TNF-a, 10 ng/ml) (d), or polyinosinic-polycytidylic acid with Lipofectamine 2000 (IC þ Tfx, 10 mg/ml) in the absence or presence of inhibitors of extracellular signal-regulated kinase (ERK), p38 mitogen-activated protein kinase, and sheddases for 24 h (a-c) or 6 h (d). (a-c) After 24 h of incubation, cell culture supernatants were harvested, and the levels of CX3CL1 and monocyte chemoattractant protein-1 (MCP-1) were determined by enzyme-linked immunosorbent assay (ELISA). We used U0126 (an inhibitor of the ERK pathway at 1-10 mM), SB203580 (SB, an inhibitor of p38 MAPK at 25-100 mg/ml), batimastat (Bat, an inhibitor of matrix metalloproteinase at 5-50 mM), and TAPI-0 (an inhibitor of a disintegrin and metalloprotease domain (ADAM) at 0.5-5 mg/ml). Po0.01; ns, not significant).
Novel mechanism of alcohol-induced chronic pancreatitis M Uchida et al the cause of CP. It is probable that acetaldehyde and palmitic acid ethylester (PAEE) have endogenous and exogenous effects. Acetaldehyde is produced by acetaldehyde dehydrogenase (ADH), the majority of which (90% or more) is found in the liver, whereas PAEE is produced in the pancreas by pancreatic triglyceride lipase (PTL) and carboxyl ester lipase (CEL). The major effect of acetaldehyde on the pancreas is exogenous. There are also reports that PTL and CEL, which produce PAEE in the human stellate cells (PSCs), are not expressed at mRNA level, 46 which suggests that the endogenous effects of both acetaldehyde and PAEE are smaller than the exogenous effects. According to a study by Phillips et al, 47 MMP activation in stellate cells affects extracellular matrix hemostasis by matrix degradation. These authors performed their study using an ELISA assay for protein synthesized as a precursor, 48 cleaved, and secreted into the supernatant, along with gelatin zymography for qualitative evaluation of the degradation of the gelatin matrix of MMP. This study included quantitative evaluation of the gene expression, precursor proteins, and protein expression after cleavage using real-time PCR and western blotting in order to examine enzyme activation. As the rate of activation of these enzymes was generally controlled, the activation could be correlated with the rate of expression in most cases. 49 MMP-9 and ADAM17 are induced by inflammation, but MMP-2 is not. Stimulation by inflammation and infection did not change the expression of MMP-2 in PSCs, but it did increase the expression of MMP-9 and ADAM17, as indicated by real-time PCR results. 49 This suggested that the MMP related to inflammation might be MMP-9 rather than MMP-2, although MMP-2 was involved in shedding of CX3CL1 in hepatic stellate cells. 34 Such differences might occur because protease inhibitors such as batimastat inhibit other MMPs and ADAM or because the cell types were different. The activation of enzymes is caused by quantitative as well as qualitative changes in protein, and MMP is activated after cleavage of RXKR or RRKR sequences by furin in the Golgi. Accordingly, a qualitative change alone may influence the result. The precursor proteins of MMP-2 and MMP-9 in PSCs cannot be detected without stimulation. Furin is always activated in PSCs by a stimulant, and constitutive secretion of such proteins suggests that precursor Figure 5 Ethanol and phorbol myristate acetate (PMA) synergistically increased CX3CL1 release. Pancreatic stellate cells (PSCs) were left untreated, or treated with tumor necrosis factor-alpha (TNF-a, 100 ng/ml) in the absence or presence of PMA (1-100 mg/ml), ethanol (10-50 mM), acetaldehyde (Ac; 100-400 mM), or palmitic acid ethyl ester (PAEE; 50-200 mM) for 24 h. After incubation, cell culture supernatants were harvested, and the levels of CX3CL1 and monocyte chemoattractant protein-1 (MCP-1) were determined by ELISA (* ,w Figure 6 Extracellular signal-regulated kinase (ERK) and ADAM17 were required for synergistically increased CX3CL1 release induced by ethanol. Pancreatic stellate cells (PSCs) were left untreated (UT), or treated with tumor necrosis factor-alpha (TNF-a, 10 ng/ml) in the absence or presence of phorbol myristate acetate (PMA, 1-100 mg/ml) or ethanol (EtOH, 10-50 m mM) for 6 h (a-d). proteins of MMP-2 and MMP-9 would not have been detected by western blotting in this study. This result is the same as in the previously mentioned study by Phillips et al. 47 Synergy of cell response by stimulation is the result of a multiplier response, which is produced by the generation of a single common molecular signal by multiple factors. Our study has revealed for the first time that secretion of a certain chemokine directly related to inflammation was synergistically promoted by ethanol. Furthermore, this study has demonstrated that known interactions with PMA were caused by synergistic CX3CL1 gene transcription and MMP-9 gene transcription associated with ERK activation. The precursor protein of MMP-9 observed in western blotting supported the synergy of transcription by TNF-a and PMA at the protein level. It is also possible that the mechanism of the interaction varies depending on ligand, which can be verified by examining a common downstream transcription factor. CX3CL1 was secreted alone by a few PMAs, in which PKC isozymes may have been involved, and it is very interesting that ethanol is a substrate of PKCe. 50 The finding that both ethanol and acetaldehyde promoted MMP-2 secretion, but that acetaldehyde induced no synergetic secretion, supports the idea that MMP-9, instead of MMP-2, might be involved in the shedding of CX3CL1. The increased CX3CL1 concentration reported in the blood of drinkers probably reflects such mechanisms, 17 and cessation of alcohol abuse as treatment would be expected to inhibit the synergistic secretion of CX3CL1. Withdrawal of alcohol has been associated with regression of LPS-induced pancreatic injury in alcohol-fed rats, where decreased serum CX3CL1 levels might be observed. 51 PMA is a ligand and activating factor of PKC, which is involved in diabetes and hypertension caused by an angiotensin II as well as alcohol consumption, which supports a role for lifestyle choices in the onset of some cases of CP.
In conclusion, this study has revealed a relationship between CP, CX3CL1, and sheddases in PSCs and it has demonstrated the presence of synergy of ethanol with PKC and other molecules in the CX3CL1 secretion mechanism. These findings should emphasize continued focus on the importance of cessation of alcohol abuse in patients with alcoholic CP. Figure 7 Mechanisms demonstrated in this study. If inflammation and infection are sustained or repeated, CX3CL1 mRNA is transcribed, leading to production of membrane-bound CX3CL1. Excess alcohol and metabolic state might synergistically perpetuate chronic inflammation in the pancreas by recruiting additional inflammatory cells. MMP, matrix metalloprotease; PMA, phorbol myristate acetate.
